Optical trapping and manipulation of dielectric particles on the surface of a dielectric prism using TE plane waves are demonstrated in the Rayleigh scattering regime. The interference of four counter propagating evanescent waves forms a standing wave on the planar surface and the trapping is realized based on the gradient force. Two mirrors are used to manipulate the trapped particles in any arbitrary direction on the surface. The required trapping potential and the irradiance within the Rayleigh scattering regime are computed. A hypothesis is developed to pull the particles at a maximum force toward the surface for further demonstration of this configuration. The standing wave on the surface of the prism using TE Gaussian beams are demonstrated for practical illustration of this study.
Introduction
During the last few decades, light-matter interaction has held the attention of many scientists. In 1970, Ashkin first reported that particles can be trapped and accelerated by visible laser light [1] . This led the researchers to investigate and predict electromagnetic forces of light waves on materials. In the late 1980s, Ashkin et al proposed that particles can be trapped and manipulated by laser beam [2, 3] . Particles can be trapped and manipulated by higher-order mode Nd:YAG laser beams [4] , by scanning laser trapping technique [5] . Two optical fibers technique can also be used in this regard [6] . Optical tweezer is one of the greatest inventions for particle trapping, and manipulation in the past few decades [7, 8] . It can eventually trap and manipulate particles by a strongly focused beam of light [9] , but it's tight focusing requirements limit its application over a large manipulation area. Presently, scientists are also interested in using guided waves to trap and manipulate small particles [10] [11] [12] . Particles can be transported bidirectionally in the longitudinal direction by tuning the frequency of the light wave [12, 13] . Gold nanoparticles of different sizes can be sorted out bidirectionally in the longitudinal direction by dual wavelength counter-propagating evanescent waves, where the red-shift of the plasmon resonance for increased size of particles allows the movement of different sized nanoparticles in opposite direction [14] . Small particles can be trapped on the surface of a material using evanescent wave formed due to the total internal reflection [15] [16] [17] , and can be transported longitudinally [18] [19] [20] [21] . The resonance effects on the optical forces on a particle using guided wave have been studied theoretically [22] . Motion of small particles on the the surface of a material can be controlled by the proper adjustment of polarization of the incident electric field [23] , and a chain of small particles or larger size particles move faster [24] . Standing wave can be formed on the surface of a prism by a pair of counter-propagating evanescent waves [25] . Standing wave formed due to the interference of three evanescent fields has been studied in reference [26] . A pair of counter-propagating evanescent wave manipulates the particles in the longitudinal direction [27] [28] [29] [30] [31] [32] , but further inquiry is necessary for the better understanding of optical trapping and manipulation at the surface of a material.
An evanescent wave can be formed on the surface of a material by the total internal reflection mechanism [33] . The electric field is normal to the plane of incidence for TE polarized light wave and parallel to the plane of incidence for TM polarized light wave. TE and TM polarization are also referred as S and P polarization, correspondingly. The transmittivity of TM polarized light wave is higher than for TE polarized light wave, that results in a stronger electric field in the transmitted region [33] . The optical force on a particle placed in the evanescent region is stronger for TM polarized light wave than for TE polarized light wave [34] . The trapping and manipulation of microscopic and nanoscopic particles has produced many applications such as the optical tweezers used for manipulating biological cells and optical traps for cooling atoms.
In this paper, we propose an alternate model for optical manipulation of a small particle on the surface of a dielectric material. Unlike the known configurations mentioned above, this model demonstrates manipulation of Rayleigh particles in any arbitrary direction on the surface of a material by two linearly polarized TE plane waves and two plane mirrors. In this configuration, the particle is pulled toward the surface and is arbitrarily manipulated on the surface by changing the phase relationships of the evanescent waves. This can be accomplished, for example, by the adjustments of the mirrors. The required irradiance to trap different size of small particle within the Rayleigh approximation is computed. The required condition to pull the particles, placed above the surface, at a maximum force is revealed.
Method

Analytical model
We consider a dielectric prism coated with anti-reflection coating on its lower surface to minimize reflection. The planar surface of the prism is placed in the (x, y) plane at z=0. The ). The critical angle of incidence is ( ) q = -n n sin c 1 2 1 . Two TE plane waves,ŷ andx polarized, are incident at the planar surface of the prism at angles q 1 and q 2 greater than the critical angle of incidence and are total internally reflected. Two mirrors M 1 and M 2 are placed at distances d 1i and d 2i from the lower surface of the prism, respectively. The total internally reflected waves are retroreflected by the mirrors and undergo total internal reflection at the planar surface of the prism. Two pairs of counter-propagating beams perpendicular to each other are formed on the surface of the prism. Theŷ polarized, two counter-propagating evanescent waves are propagating in thex and-x direction, and thex polarized two counter-propagating evanescent waves are propagating in theŷ and-y direction. A spherical dielectric particle of radius r is considered above the surface of the prism. Within the Rayleigh approximation, the radius r of the particle is such that
, where k 2 is the wavenumber in the medium surrounding the particle. The permittivity of the particle is  p . The whole model is depicted in figure 1.
Fields
The electric fields in figures 1(a) and (b) areŷ andx polarized, respectively. The total electric field on the surface of the prism is
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Figure 1. Theoretical model of formation of standing wave on the surface of a dielectric prism. The standing wave is formed due to the total internal reflection of two TE incident and two retro-reflected plane waves.
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Here, E 0 is the magnitude of the standing wave,
f is the frequency of the incident light wave. The Goos-Hänchen shifts associated with the evanescent fields are
, where ¢ k z and  k z are computed from the dispersion relations between the prism and the surrounding medium [33] . The displacement of each mirror results in a phase difference between each pair of counter-propagating evanescent waves on the surface of the prism. There exists a constant phase difference k L 2 1 1 between the incident and total internally reflected waves of theŷ-polarized waves, where L 1 is the traveled distance of the internally reflected wave to the prism surface. 
Relative time phase between the retro-reflected standing waves has been investigated in the last few decades [35] . Phase fluctuation can be compensated or kept constant [36] , and any change in the relative phase will move the standing wave pattern by a distance. We consider there exists no relative timephase between the interference patterns formed due to each pair of counter-propagating evanescent waves.
Force
The mirrors are inclined in a way that the incident and the retro-reflected waves are incident at the same angle on the planar surface of the prism. Thex andŷ directed radiation pressure on the Rayleigh particle are neutralized due to the counter-propagating waves. The particle is pulled toward the surface of the prism since the standing wave is evanescent in theẑ direction [13] . There exists no spin-curl force on the particle due to the linearly polarized standing wave [37] . In the static limit, the time-averaged Lorentz force on the particle is [12] 
whereā is the polarizability tensor of the particle [38] . We have used the background permittivity  2 for the force calculation, which is equivalent to computing the divergence of the Minkowski stress [39, 40] . This includes contributions from both fields and material [41] and the force is used to compute the observable pressure on the particle [42] .
Results and discussions
To demonstrate the precise control, we theoretically consider a system with   = 4 . For the experimental feasibility of this study, we consider the angles of incidence of the incident light waves are not so far from the critical angle of incidence [45] , and= =  45 1 2 . The wavelength of the incident wave in free space is l = 1064 0 nm. The radius of the particle is r=50 nm that results in = k r 0. . The incident and retroreflected waves are incident at a point ( ) ( ) = x y , 0,0 on the planar surface of the prism.
Intensity and optical trapping
We consider the mirrors are placed at the initial positions. The background shading in figure 2 
Trapping potential
The potential energy in the (x, y) plane is computed numerically fromˆ+
, where F x and F y are thê x andŷ directed trapping forces, respectively. The center of the trapped particle on the surface of the prism is located in the (x, y) plane above the planar surface of the prism at a distance r. The trapping potential energy for m 1 m 2 surface area in the (x, y) plane above a distance 50 nm from the planar surface of the prism is demonstrated in figure 3 . The trap depth DU is approximately k T 26 B , where k B is the Boltzman constant and T is the temparature. DU eventually decreases as the angles of incidence of the light waves increase. DU is directly proportional with the incident electric field intensity. The particle stays trapped stably in the potential minimum if the trap depth is approximately on the order of tens of k B T, otherwise the particle remains confined for a limited time and escapes over the potential barrier to the nearest potential minimum [46] .
The potential well in figure 3 is quasiharmonic near the potential minimum in both direction. The irradiance required to maintain a given trapping accuracy can be determined from the theory of Brownian motion of a particle [44, 47] . It determines that for a trapping accuracy of 50 nm in any arbitrary direction from the potential minimum, the minimum required irradiance is approximately 4.48 mmW m 2 . The required irradiance to trap a Rayleigh particle in the potential minimum depends on the size of the particle. As the size of the particle decreases, high irradiance is required to trap it in the potential minimum. The required irradiance to trap particles of different sizes (i.e.
[ ] Î r 30, 80 nm) in the potential minimum with a standard deviation of 50 nm in any arbitrary direction within the Rayleigh approximation is illustrated in figure 4. 
Manipulation
We consider the particle is trapped at a position ( ) ( ) m = --x y , 0.043, 0.043 m at the surface in the antinode of the standing wave as is illustrated in figure 2. The trapped particle can be manipulated in any arbitrary direction on the planar surface of the prism by the adjustments of the mirrors M 1 and M 2 . The movement of the mirror M 1 toward the lower surface of the prism directs the trapped particle toward the-x direction and the displacement away from the lower surface results in a+x directed movement of the trapped particle. The displacement of the mirror M 2 is symmetric in theŷ direction. The adjustments of the two mirrors allow 2D manipulation of the particle on the planar surface as is illustrated in figure 5 .
2 are the final positions of the mirrors M 1 and M 2 , respectively. The required displacements of the two mirrors to manipulate the trapped particle at a given position (x y r , , p p ) on the surface are
Here, = ¼ m 0, 1, 2, 3, ... and the particle is trapped in the antinode as is illustrated in figure 5 . The displacement of the mirror M 1 by a distance m 1 m away from or toward the lower surface of the prism transports the trapped particle by a distance m 0.71 m in the+x or-x axis. This is symmetric with the displacement of the mirror M 2 . .
Maximum pulling force
The evanescent standing wave pulls the particle toward the planar surface of the prism. The experimental evaluation of the optical pulling force is presented in reference [48] . Theẑ directed optical pulling force on the particle computed from We consider the particle is placed at a distance z p above the surface of the prism and the angle of incidence q 2 of thê x-polarized light wave is fixed. The magnitude of the pulling force relies on the distance z p between the particle and the planar surface of the prism, and on k 1z which in turn is proportional to the the angle of incidence q 1 . For a fixed angle q 2 and a fixed distance z p , equation (5) reveals that the magnitude of the pulling force F z directly depends on the function ( )
When q 1 is just above the critical angle of incidence, the value of k 1z is very small. Just above the critical angle of incidence, the value of k 1z controls the magnitude of ( ) q f 1 . With the increase of q 1 , the value of k 1z increases and the magnitude of ( ) q f 1 rises up eventually. As the angle q 1 reaches a certain value, the exponentially decay terme k z 2 z 1 p dominates the magnitude of ( ) q f 1 and it starts to go down. The angle of incidence of theŷ-polarized light wave to obtain the maximum pulling force on a particle at a distance z p is
For validation, we consider a particle is located at a distance m = z 0.2 m p above the surface and thex-polarized plane wave is incident at an angle q =  45 2 . Equation (6) results in q =  43.13 1max at which the magnitude of the pulling force is maximum. The magnitude of the optical pulling force on the particle for different angle of incidence q 1 of theŷ-polarized plane wave is illustrated in figure 6(a) . From this plot, it is obvious that at q =  43.13 1 , the magnitude of F z is maximum which is identical with the result in equation (6) . q 1max depends on the distance between the particle and the planar surface of the prism. As the distance increases, the angle of incidence q 1max goes down near the critical angle of incidence q =  40.54 c as is illustrated in figure 6(b) . These results are symmetric with thex-polarized plane wave.
Gaussian beam interference
Two TE Gaussian beams are used to manipulate the particle on the planar surface of the prism. These beams are focused on the top planar surface of the prism considering the focusing effect of the lower curved surface of the prism. The plane mirrors does not focus the retro-reflected light waves at the planar surface, and are replaced by two concave mirrors to focus the retro-reflected Gaussian beam at the planar surface of the prism. Theŷ andx polarized electric fields on the surface of the prism are 
m a x , NA is the numerical aperture of the lens, w is the beam waist, q max is the angle of incidence above which the Gaussian beam acts as an evanescent beam. The value of k x , k y , f 1 , f 2 , f gh1 , f gh2 , k 1z and k 2z can be determined as is mentioned in section 2.2. All of the plane wave components of the both Gaussian beams are total internally reflected back from the planar surface of the prism. The concave mirrors are placed at the same distance from the lower surface as is illustrated in section 3.
We consider the prism material parameters, the background medium parameters and the particle parameters are identical with parameters used in section 3. Each Gaussian beam is composed of 20 plane waves. We consider the Gaussian beams are formed by lens having low NA (0.5). The depolarization effects become significant for high NA, and it becomes difficult to understand the trapping of the attractive and repulsive force [49] . The frequency of the incident Figure 5 . Optical manipulation of a Rayleigh particle on the planar surface of the prism for different adjustments of the mirrors (a)
. The arrows indicate the direction of the optical forces on the particle. The black sphere indicates the trapped position of the particle. Gaussian beam is2.8176 10 14 Hz. The standing wave on the surface of the prism is depicted in figure 7 (a) for tightly focused Gaussian beams ( l = w 0.5 0 ). The intensity decays in the transverse direction from the focus point and results in a restriction on the trapping regime on the surface of the prism. The gradient force becomes weaker to trap the particle beyond this restricted area. It can be overcome using loosely focused Gaussian beams. Figure 7(b) represents the standing wave on the surface for loosely focused Gaussian beams ( l = w 0 ). The intensity decays slower in the transverse direction for the loosely focused Gaussian beams than for the tightly focused Gaussian beams. This enables the manipulation of the trapped particle over a wide area on the planar surface of the prism.
Conclusion
The proposed configuration demonstrates optical trapping and manipulation of Rayleigh particles at the surface of a material by the control of the standing wave (see supplementary data). The configuration can be realized by two TE plane waves and two plane mirrors and is not restrictive to this geometry: a proper designed metamaterial having negative refractive index can be used for the implementation of this model. Further practical demonstration of this configuration is possible by two Gaussian beams and two concave mirrors for manipulating particles over the microscopy-based tweezer system. The method might be very effective for specific and precise manipulation of small particles.
